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Abstract 

Supersymmetric standard model with softly broken lepton symmetry pro¬ 
vides a suitable framework to accommodate the solar and atmospheric neu¬ 
trino anomalies. This model contains a natural explanation for large mixing 
and hierarchal masses without fine tuning of the parameters. Neutrino spec¬ 
trum is particularly constrained in the minimal messenger model (MMM) of 
gauge mediated SUSY breaking, since all SUSY breaking effects are controlled 
in MMM by a single parameter. We study the structure of neutrino masses 
and mixing both in MMM and in simple extensions of it in the context of 
solar and atmospheric neutrino anomalies. 


I. INTRODUCTION 

The hints in favour of a non-zero neutrino mass are greatly strengthened by the recent 
high statistics results of the atmospheric dehcit at the Superkamioka [|I|. These results 
are claimed to be the evidence of a non-zero neutrino (mass)^ difference ~ (.07 eV)^ and 
large mixing between and Vr or a sterile state. Additional hint for one more mass scale 
comes from the observed dehcit in the solar neutrinos. These results require the solar 
mass scale A 5 of 10“^ — 10“®eV^ (MSW conversion [Q ) or 10“^° eV^ (vacuum oscillations). 
While the former can be consistent with the small mixing of the latter explanation 
requires 0 one more large mixing. On the basis of these results, the neutrino spectrum 
seems to be characterized by hierarchical masses and one or two large mixings. The above 
neutrino spectrum is quite different from the quark spectrum suggesting a characteristically 
different origin for the neutrino masses and mixing. 
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The standard seesaw model ^ based on simple S'O(IO) theory links respectively the 
i/-masses and leptonic mixing to the np qnark masses and the KM matrix. It leads to 
10 ® if simplifying assnmptions are made on the structnre of the right 
handed nentrino masses 0. With ~ 5 x 10“^ eV^ one obtains As ~ 5 x 10“^^ eV^ 
in the range reqnired for the vacunm solntion to the solar anomalies. The MSW and the 
atmospheric mass scales cannot be easily reconciled in this simple pictnre althongh additional 
contribntion from a left handed triplet ^ held can be used to do so. Moreover, large mixing 
angles though not impossible 0 are not natural in the seesaw picture. 

We wish to discuss an alternative scheme for neutrino masses based on supersymmetry. 
The scheme utilizes soft lepton number violation and soft supersymmetry (SUSY) breaking 
terms generated by gauge mediated interactions. As we will see, this scheme is quite pre¬ 
dictive and can provide natural and simultaneous understanding of the hierarchical masses 
and large mixings in the leptonic sector hinted on experimental grounds. 

The Minimal Supersymmetric Standard Model (MSSM) naturally contains lepton num¬ 
ber violation if the conventional R symmetry is not imposed on it. This violation is mani¬ 
fested through hard (trilinear) or soft (bilinear) operators [^. The soft terms are parame¬ 
terized in terms of three dimensionful co-efficients e,-: 


W = e,L'Ho 


( 1 ) 


We will assume that eq (|I]) is the only source of lepton number violation. This assumption 
is theoretically well motivated. Spontaneous breaking of lepton number |P] could normally 
result in such a term. Alternatively, one could imagine a generalized Peccei-Quinn symmetry 
whose spontaneous breaking leads to fi and e* at the weak scale through dim 5 operators 
PJT0[|. Moreover, it is possible to choose the PQ charges of different helds in such a way 


that the generation of effective trilinear operators is enormously suppressed. 

The presence of e* leads to neutrino masses and mixing among them. In fact, these 
three parameters control three neutrino masses and three mixing angles. This is easily 
seen from the fact that the limit e* —0 corresponds to no lepton number violation, zero 
neutrino masses and trivial mixing in the leptonic sector. In practice, the neutrino masses 
also depend upon parameters responsible for the SUSY breaking. But this breaking can be 
characterized by only one parameter in a minimal version of the gauge mediated breaking 


111 of SUSY. This scenario can therefore provide a constrained framework for the description 


of the neutrino masses and mixing in which four input parameters determine three masses 
and three mixing angles. 

The neutrino spectrum resulting from eq.(l) has been extensively studied in the context 
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of MSSM with supergravity induced SUSY breaking ||IO|,p!^. The following features make it 
a very attractive scenario for the description of the neutrino spectrum: 

(i) Neutrinos obtain masses through two sources: through mixing with gauginos 
induced by sneutrino vacuum expectation value (vev) and through coupling of neutrinos 
to squarks and sleptons. Both these contributions are suppressed by the b and r Yukawa 
couplings in the supergravity framework as well as in the gauge mediated models. This leads 
to suppressed (~ MeV) neutrino masses even when e* are large (~ 100 GeV). 

(ii) The sneutrino vev makes only one combination of neutrinos massive. The other 
combinations pick up masses from the loop diagrams . In particular, one of the neutrinos 
remains massless when Yukawa couplings of the hrst two generations are neglected |OT. This 
generates clear hierarchy in masses of all the three neutrinos without hne tuning or without 
imposing any horizontal symmetries. 

(iii) Mixing among neutrinos is essentially controlled |T^ by ratios of e* which can be 
large when these parameters are not hierarchical. One can therefore simultaneously obtain 
large mixing and hierarchal masses. 

The above features (ii) and (iii) can allow simultaneous solution of the solar and atmo¬ 
spheric neutrino anomalies. 

We discuss the details of this in the following section. Section (2) summarizes the analytic 
structure of neutrino masses and mixing one obtains in the presence of eq.(l). In the next 
section, we summarize salient features of the gauge mediated models and introduce the 
minimal model in this category. Section (4) contains detailed prediction of this model 
and phenomenological discussions on the solar and the atmospheric neutrino problem. We 
introduce an extended version of the minimal model which is capable of solving the solar and 
atmospheric neutrino anomalies simultaneously in Section (5). We end with a discussion in 
the last section. 


II. NEUTRINO MASSES AND SUSY 


The structure of neutrino masses crucially depends upon the nature of SUSY breaking 
soft terms. It is now recognized |IO| , p!2| that neutrino masses are calculable in terms of basic 
parameters if soft terms associated with the leptonic and one of the Higgs doublet {H[) 
superhelds are identical at some high scale A. This happens in the minimal supergravity 
model as well as in gauge mediated models. The latter class of models contain fewer param¬ 
eters and thus are more predictive. We will specialize to this case in the next section. The 
detailed analytic discussion of the structure of neutrino masses in the present context was 
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given in [jT^. Here we briefly recall some salient features to be used in this paper. Consider 
the full superpotential of the MSSM []^ including the lepton number violating term ( 0 ): 


W = KL[E^H[ + + e,L[H2 + KQ^DtH[ + 


( 2 ) 


where, = 1,2,3. We have made a specihc choice of the basis such that L'-{Qi) denote 
the mass eigenstates of the charged lepton (down quarks) in the absence of the e* terms. 
Following 10] we now redehne the leptonic and the Higgs helds in such a way that the super¬ 
potential (0) does not contain bilinear Cj-dependent terms. This happens in the following 
unprimed basis: 


Hi — CsH[ + S3(s2(ciL2 + + C2T3), 

Li = — S1L2 T C1T3, 

L2 = C2(CiL2 -|- SiL\) — S2T3, 

L 3 = —s^H[ + c^{s 2 {ciL '2 + SiL'^ + C 2 T 3 ). (3) 


Where, 


ei — PS 1 S 2 S 3 , €2 — PC 1 S 2 S 3 , 


63 — /iS3C2, /i — pcs. 


(4) 


and /i = (/i'^ + e\ + el + 

The superpotential in the new basis contains trilinear lepton number violating terms. 
Moreover, the originally diagonal charged lepton mass matrix Mi now acquires m non¬ 
diagonal parts ||I 6 | : 


-^iCiCs —A2S1C3 0 


M, 


< Hi > 


A1S1C2C3 A2C1C2C3 —A3S2C3 
A 1 S 1 S 2 A 2 C 1 S 2 A 3 C 2 


(5) 


The mass basis for the charged leptons in the presence of non-zero e, are denoted by a = 
e, p, r and are dehned as: 


u = {ODiaLa, e'r = 


( 6 ) 


where. 


OlMiO^ = diagonal. 


(7) 
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Note that the parameters A* which denote charged lepton masses when e* = 0 still need 
to be hierarchical if Mi in (^) is to reproduce the charged lepton masses. One can determine 
^ Oi, by assuming Ai -C A 2 -C A 3 and neglecting Ai: 


/ 




\ 


Cl -S 1 N 2 0 

S1C2 CiC2N2^ -S2C3N{^N2^ 
^SiSaCs CiS2C3A^2"^ C2N{^N2^ 


/ 


1 0 0 
0 cos6^23 -sin023 
0 sin 093 cos 09 


\ 


723 


( 8 ) 


Where, 


O 23 ~ iVlCiC2S2 - 

V C^rjlr / 

023 is small even for Si^ 2,3 ~ 1 ^( 1 )- We shall therefore neglect it. 

The trilinear terms generated in the superpotential due to rotation (| 
lowing form [|T^] in the physical mass eigenstate basis of charged leptons: 

tan 03 


(9) 


assume the fol- 


W = 


■[(ODsaLa] + mfQidf) . 


( 10 ) 


< Hi > 

The above trilinear terms generated due to the basis rotation lead to neutrino masses at 
1-loop l]!^- The other contribution to neutrino mass is generated by the soft SUSY breaking 
terms in a manner discussed below. 


A. Sneutrino vevs and neutrino masses 

The soft supersymmetry breaking part of the scalar potential contains linear terms in 
sneutrino helds and lead to their vev. These follow from the following soft terms written in 
the primed basis: 


Vsoft = mH'AHi\^+ mHi\H'^\^+ m 

( 11 ) 

- + H.c. . 

It is always possible to choose a minimum with zero sneutrino vev if = Bi and 
771^12 = m?,. But, these equalities are generally not satished at the weak scale even if 
they are imposed at a high scale. This is due to the presence of Yukawa couplings which 
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distinguish between Higgs and leptons. If one neglects the Yukawa couplings of the hrst 
two generations then the soft mass parameters related to the hrst two leptonic generations 
evolve in the same way. Thus, one would have the following non-zero differences among low 
energy parameters: 


^mL,H = {m ,2 - ml, „/) , = (H 3 - ( 12 ) 

*^3 2 ’ 1 

These differences determine the sneutrino vev. The latter are obtained by minimizing the 
scalar potential expressed in the redehned basis of eqs.(^. One hnds: 


Where, 


1 / = 

h-^2 — s\ABi) — C2S2S2,1^2ABi}j -|- H.c. 

-C2S2AmL(s3i/°-h 03^3)1/2-f-S3C3Z/3if°*(AmH - s^Am^) -h H.c. 


+ i;{g^ + + 1^2^ + 1^3^ - \H^2\y 


(13) 


"i/fi = - slslAmi, 

- 4‘^mH - slcjAmi, 

+ s^AruL, 

B = B^ + s^ABh — s\sIABl. (14) 


The additional terms do not signihcantly effect the vev for the standard Higgs since 
the sneutrino vevs and Amu^Li ^Bh,l are suppressed compared to This remains 

true even for S 3 ~ 0(1). In addition, we will be considering S 3 1 to account for the 
atmospheric neutrino scale. Hence, MSSM results are hardly altered by additional terms. 
The effect of these terms is to induce vevs for the sneutrinos: 

< ^2 > ~ , (uiAm^ - fiV2ABL) , 

[mi^ + D) 

< ^3 > ~ + slAmi) - g,V2{-ABH + sIABl)) . 

+ D) 

(15) 


We have neglected terms higher order in AmL,Hi ^Bh,l while writing the above equations. 
Note that one of the sneutrino held (= zq) does not acquire a vev in this basis. This vev 
would arise if Yukawa couplings of the hrst two generations neglected here are turned on. 

The sneutrino vevs are zero at the boundary scale A corresponding to the universal 
masses. Their weak scale values are determined by solving the relevant RG equations in¬ 
volving the above diherences: 
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d Attih 


d t 

d Ami 


d t 

d ABff 
d t 

dABL 
d t 


3yfe(t)(m^, + ml + m}, + Al) , 
+ m? + m% + Al) , 

3Yi,{t)Ab{t) , 

-Yr{t)Ar . 


( 16 ) 


Where, Yf = is the mass of the sfermion concerned, Aj are the trilinear soft SUSY 

breaking terms and t = 2 Iti^MgutIQ)- 

The tree level mass matrix generated dne to these vev can be written in the physical 
basis Va as: 


Where, 


( \ 
0 0 0 


Mo = moOL 


0 si 



^ 0 ^ 


^ ^ < ^2 > 
tan 0 = —r— 

< 1^3 > 


Ol is defined by eqs. m and, 

^ fi{cg^ + g'^){<i>2>^ + <i>3>^) 

° 2(—c/iM + 2M‘^Ci3Sj3{c + tari^Ow)) 


(17) 


(18) 


(19) 


B. 1-loop mass 


The trilinear interactions in eq. ([I0| ) lead to diagrams involving sqnarks and sleptons 
in the loop and generate the neutrino masses at the 1-loop level [|^|. These contributions 
depend upon the masses as well as mixing between the left and the right handed sqnarks as 
well as the sleptons. These are however hxed in terms of the basic parameters of the MSSM. 
In the present case, the trilinear couplings are not independent and are controlled by the 
fermion masses. As a consequence, the dominant contribution arises when the b-squark or 
r slepton are exchanged in the loop. We shall retain only this contribution. 

Let us define: 


h = hi cos (pb + sin ( 
= 62 cos (pb — hi sin < 


( 20 ) 
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Where, 61,2 are the mass eigenstates with masses respectively. The mixing angles 0,- 

and masses Mrj_T -2 are defined analogonsly in case of the tan slepton. 

The exchange of b-sqnark prodnces the following mass matrix for the nentrinos: 


{Mib)al3 — mib{OL)a3{OL)/33- 


( 21 ) 


Dne to the antisymmetry of the leptonic conplings in eq. (hOf) , the exchange of the r slepton 
leads to the following contribntion: 


/ 


Mir = rniT 


^Li 3 


OL 23 0 




^ L 13 O Xj 23 
0 


0 I 3 0 


0 


0 


( 22 ) 


The mixing indnced by these contribntions is completely fixed by the matrix Ol while the 
overall scale of both these contribntions is set by, 


AT ^ir , n2 ■ J. ^ 1 (MLr2\ 

mib,ir = iVc ^6^2^2 ^3 Sin 0b,r COS (pb,r In j 


(23) 


Where, W = 3,1 for the b and r contribntion respectively. The total mass matrix inclnding 
the 1 -loop corrections is given by. 


A4i/ — Mq -|- Mib Mir- 


(24) 


We stress that the above Afi/ is in the physical basis with diagonal charged lepton masses. 
This matrix assnmes particnlarly simple form when rotated by the matrix Ol. 


( \ 
0 0 0 


OIM.Ol 


0 mos^ mirN2 ^clslcl mos^c^ + ^C2S2c| 


^ 0 TUqS^C^ + mirN2 ^C2slcl mo4 + "lib + niirN2 ^S24 y 


(25) 


This explicitly shows that one of the nentrinos is massless in onr approximation of neglecting 
Ynkawa conplings of the first two generations. 

The fnll mixing matrix analogons to the KM matrix is given by. 


U 


OrPl 


(26) 


Where, is the matrix diagonalizing the RHS of eq. (|^) . As we will show, the mixing angle 


appearing in is small dne to hierarchy in nentrino masses while, the Ol can contain large 










mixing. Hence, the neutrino masses are determined by the matrix (^5[) and mixing among 
neutrinos is essentially hxed by eq.(|). We shall use these equations in specihc case of the 
gauge mediated models in the next section. 

The above formalism shows that the neutrino masses are greatly suppressed compared 
to the typical SUSY breaking scale if Auih^l, AB^^l vanish at some scale A. The weak 
scale values of sneutrino vev and hence neutrino masses follow from evolution of these 
parameters. It is clear from eq. ([T6|) that the b and r Yukawa couplings control the evolution 
of sneutrino vev. Similarly, the 1-loop masses following from eq. (|^) are also controlled 
by the same couplings. As a result, all the effects of lepton number violating parameters e* 
can be rotated away from the full Lagrangian when the down quark and the charged lepton 
Yukawa couplings vanish. Neutrino masses also vanish in this limit. 


III. GAUGE MEDIATED MODELS AND NEUTRINO MASSES 


The suppression in neutrino masses mentioned above crucially depends upon vanishing 
of AmH,L, ABh l at some scale. This happens in two of the most popular scenarios of 
supersymmetry breaking namely, supergravity induced breaking in its minimal form and 
the gauge mediated breaking of SUSY We now discuss neutrino masses in the 

latter context. 

The basic approach adopted in most gauge mediated models of SUSY breaking is to 
assume that a singlet sector is responsible for such breaking. Effect of this is felt by the 
standard helds through a messenger sector which is a gauge non-singlet. The minimal version 
of this sector contains a pair of helds <I>, d> transforming as 5-1-5 representation of the SU{ 5 ) 
group. Their coupling to a SUSY breaking held S introduces a supersymmetric mass scale 
X = X < S > as well as a SUSY breaking (mass)^ diherences of order Fs- Models with 
minimal messenger sector are thus characterized by two parameters A = -^ and x = -^ with 
X ~ 0(1) on natural grounds. 

All the soft parameters related to MSSM helds are hxed at A in terms of A, x and the 
gauge couplings. The masses of the squarks and sleptons and the gauginos are given in this 
case by: 

3, 


mUX) = 2A^ [CsaliX) + C 2 AI{X) + f{x), 

Mj{X) = d(j{X) A g{x). 


(27) 


mf represents the scalar masses with i running over all the scalars, whereas, Mj represents 
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the gaugino masses with j representing the three gange conplings. The functions f{x) and 
g{x) have been derived in |^. Here, 

aj{X)_ 


aj(X) = 


(47r) 


(28) 


C 3 = 4/3,0 for triplets and singlets of SU{3)c, C 2 = 3/4,0 for doublets and singlets of 
SU{2)l and Y = Q - T 3 is the hypercharge. 

In this paper, we will consider two different versions of the model. The popular 
000 , 1^ minimal messenger model (MMM) which is further characterized by the as¬ 
sumption of the vanishing bilinear (B) and trilinear (H) soft mass parameters at A. This 
is attractive in view of the very restricted structure it offers. But as we will show it turns 
out to be too restrictive if one wants to solve the solar and atmospheric neutrino problems 
simultaneously. We shall thus consider an alternative version on phenomenological grounds 


in which the boundary conditions (|^) are still imposed but the value of H at A is not taken 
to be zero. 

In MMM, all the soft parameters in the low energy theory are essentially determined by 
one parameter A since dependence of the boundary condition eq. ( |^) on x is very mild. In 
particular, the value of the B parameter at the weak scale gets hxed through its running. 
This in turn determines both fi as well as tan (3 through the following equations: 

m^i — 1 


/i^ = 


Sin2f3 = 


tan3 (3 — 1 
2H/i 


-M, 






2g? 


(29) 


The presence of the e* induces corrections to these equations, but they are very small as 
discussed below eq.(|^). The eq.(PD[) therefore holds to a very good approximation. 

In spite of the restricted structure, it is possible to self consistently solve the above 
equations and implement breaking of the SU{2) x U{1) symmetry at low energy. 

Vanishing of the soft B parameter at A makes the analysis of this breaking little more 
involved than in the case of the supergravity induced breaking. One needs to include two 
loop corrections to the evolution of the B parameter and also needs to use fully one loop 
corrected effective potential. Details of this analysis are presented in |]T7| , pn| , pT| . We follow 
the treatment given in . The smallness of the B at the weak scale results in this scheme 
in relatively large value of tan (3 and its sign hxes the sign of /i to be positive. The full 1- 
loop corrected potential was employed in the analysis of [H] but it was found that working 
with RG improved tree level potential also gives similar results provided one evolves soft 
parameters of the supersymmetric partners up to a scale Qo = We prefer 
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to follow this approach and use the RG improved tree level potential of eq.(|^ in order to 
determine the low energy parameters at the minimum. We have however included two loop 
corrections to the RG equations [^] for B and AB^ h in determining their values at the 
weak scale. Use of RG improved tree level potential allows us to analytically understand 
the structure of neutrino masses and mixing in a transparent way. 

The three mass parameters introduced earlier control the neutrino masses, mo is 

determined by solving RG equations (p! 6 [) along with similar ones for parameters occurring 
in them. We have numerically solved them imposing eq.(^) as boundary conditions at 
A. We evolved these equations self consistently up to the scale Qq dehned above. The mo 
determined in this manner depends upon ji as well as tan (3 both of which are fixed in terms 
of A. 

The loop contributions are hxed in terms of the squark and slepton masses and mixings 
dehned in eq. (^). These are determined from the standard 2x2 matrices involving left 
and right squarks and slepton mixing. The elements in these matrices are also completely 
hxed in terms of A. All the three parameters mo, mi^, mir depend upon an overall scale S 3 of 
the i? breaking. For small s| they roughly scale as s|. The ratios mo/s|, mife/s|, mir/s^are 
thus determined by A alone [2^. We have displayed in Fig. 1 variations of ^ and 

with A. One clearly sees hierarchy in the loop and sneutrino vev induced contributions. 


This hierarchy gets rehected in the neutrino masses and one obtains hierarchical neutrino 
masses independent of the overall strength of the R violating parameter S 3 . The mass ratio 
and hence the hierarchy among neutrino masses are seen to be less sensitive to A. The mo 
roughly scales linearly with A. But since the over all scale of mo is set by s| which is also 
unknown a change in A is equivalent to changing S3. Thus, we may use one specihc value of 
A and neutrino mass spectrum is then completely hxed by three angles Si^ 2,3 or equivalently 
by the three R violating parameters e*. 

The AmH,Li ABh,l entering mo are determined from the RG equations (pTl) and are 
hxed in terms of A. For example. 


/i ~ 397.0 GeV , tan/3 ~ 46.39 , 

Amu ~ 192661.23 GeV^ , Am^-2392.35 GeV^ , 

ABh ~ -14.07 GeV , ABl ~ 0.12 GeV, 


(30) 


when A = 100 TeV. The suppression in Ami, ABl is due to color factors and larger squark 
masses compared to the slepton masses in the model. It follows that the ratio tan0 of the 
sneutrino vev, eq. (pA]) gets considerably suppressed even when the angle S 2 is large. We 
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show in Fig 2. the value of as function of S 2 for A = 100 TeV. Note that this ratio is 
independent of the values of the other R violating parameters when S 3 is small. 

The small value of s<^ leads to very simple expression for neutrino masses. The neutrino 
mass matrix in eq. (|^) is almost diagonal and one hnds: 


rriu^ ~ mo + mu , 


mu 


m 


1^2 22 

~ CoS. 


c^s^ (7.1 X 10"^ - 5.6 X 10“^) , 


-S', 


m 


- 2 '^ 2 


1^3 


^23 ~ 


(mo + mib) 


mi.rC2S2 
(mo + mife) 


, n ^^2 

tan 6^2 -. 


m 


(31) 


1^3 


The masses are hxed in terms of mo,ib,ir which are determined in terms of A and S3. The mass 
ratio is hxed in terms of S 2 . The range indicated on the RHS in above equation corresponds 
to variation in A from (51 TeV- 150 TeV) and ^23 represents the angle diagonalizing the 
matrix in eq.(E 


IV. NEUTRINO MASSES: PHENOMENOLOGY 

As discussed in the last section, the model considered here implies hierarchical masses 
and large mixing without any hne tuning of the parameters. We now try to see if the pre¬ 
dicted spectrum can be used to simultaneously reconcile both the solar and the atmospheric 
neutrino anomalies. The model is quite constrained. Three neutrino masses and three mix¬ 
ing angles get completely determined in the model in terms of four parameters namely, A 
and three R violating angles si^ 2 , 3 - In particular, the angle si characterizing the electron 
number violation does not enter the muon and tan neutrino masses, see eq. (|^) . The mixing 
between neutrinos is largely hxed by the matrix Ol with a small correction coming from the 
angle 6*23 in eq.(^). Thus one has approximately, 

Z/e Ni{ciUi - SiC2l^2 + SlS2C3Z^3) 

~ Ni{-SiN2iyi -h CiC2N2^U2 + CiS2C3N2^U3) 

Ur ~ Vf ^V2“^(-S2C3Z/2 Si -7 C 2 U 3 ) (32) 

Note that si (S 2 ) determines u^ — u^j, {u^j, — Ur) mixing. We must thus require S 2 to be large 
in order to account for the atmospheric muon neutrino dehcit. The Si should be small for 
the small angle MSW solution and large for the vacuum oscillation solution to the solar 
neutrino problem. As we now demonstrate these constraints are too tight and one does not 
obtain parameter space in case of the MMM allowing simultaneous solution for both these 
problems. 
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A. MSW and atmospheric neutrino problem in MMM 


The angle Si can be appropriately chosen to £x the reqnired mixing for the small angle 
MSW conversion. The angle S 3 which determines the overall scale of nentrino masses is also 
reqnired to be small. In snch a case, the survival probability for the atmospheric assumes 
two generation form and one can take the restrictions on relevant parameters from the 
standard analysis . We have determined the effective — Vr mixing and neutrino masses 
following from eq. (|^) by the procedure outlined in the last section. We show this mixing in 
Fig. (3a). In Fig. (3b), we show the masses for two values of A = 70TeV, 150 TeV. As seen 
from Fig.(3a), the S 2 = 0.3 — 0.75 leads to the required sin^ 26^^ = 0.8 — 1. Fig.(3b) displays 
the contours corresponding to A 5 ~ (3. —12.) 10“® eV^ and Aa = (0.3 — 3.) 10“^ eV^ in the 
S 2 — S 3 plane. It is seen that hierarchy among neutrino masses obtained in the required region 
is stronger than needed for a simultaneous solution of the solar and atmospheric neutrino 
problems and there is no overlapping region in the S 2 — S 3 plane for a combined solution. It 
is of course possible to solve each of this problem separately and get the required amount of 
mixing as well. 


B. Vacuum oscillations and atmospheric neutrino problem in MMM 


Unlike in the case of the MSW interpretation, the model can nicely account for the 
hierarchies required for solving the solar and atmospheric neutrino problems through vacuum 
oscillations. This is displayed in Fig. (4a) where we show contours corresponding to A 5 = 
(0.5 — 3) 10“^° eV^ and A^ = (0.3 — 3) 10“^ eV^ in the S 2 — S 3 plane. Unlike in case of 
the MSW conversion, here there is a large overlap region in S 2 — S 3 plane which leads to the 
required values for As, a- Despite this one unfortunately cannot explain both the problems 
simultaneously in a phenomenologically consistent way. This is due to the very restricted 
mixing structure displayed in eqs.(^). The vacuum oscillation probability in the present 
case is given by. 



(33) 


where the last term comes from the averaged oscillations corresponding to the atmospheric 
neutrino scale. Likewise, the muon neutrino survival probability which determines the at¬ 
mospheric neutrino flux is given by. 



( 34 ) 
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The amplitude of oscillations is controlled by two effective angles: 


sin" 20 s = 4U,\U^ , sin" 20 a = 4U^,Ua3- 


( 35 ) 


The matrix U appearing above is given by eg. (pq) . Restrictions on these angles required 
for a combined solution of the solar and atmospheric anomaly are worked out in for 
different values of Ues- Independent of the chosen values for Ues one requires, 


sin^ 203 = 0.5 - 1 , sin^ 20 a = 0.8 - 1 . 


(36) 


It is possible to choose these angles independently and satisfy above equations in a generic 
three generation case. In our case, the mixings are also determined in terms of Si ^2 through 
eq.(H). We have plotted the contours corresponding to restrictions in eq.(^^ in Fig. 4b. It 
is seen that there is no region in si — S 2 plane for which the solar and vacuum mixing angles 
can be simultaneously large ruling out the possibility of reconciling atmospheric anomaly 
with vacuum solution in the case of the MMM. 


V. NON-MINIMAL MODEL AND NEUTRINO ANOMALIES 


We had restricted our analysis so far to the MMM which is characterized by eq. p7|) and 
the vanishing of the B and A parameters at A. Apart from predictivity, there are no strong 
theoretical arguments in favour of this minimal choice. One could consider variations of 
the MMM which in general result in introduction of additional low energy parameters. A 
class of non-minimal models could contain more complicated messenger sector which would 
influence boundary conditions in eq. O- Alternatively, one may keep the same messenger 
sector but introduce some direct coupling between messenger and matter helds. This could 
result in non-zero B values at A. In fact, B gets generated in models which try to 

understand origin of p term in gauge mediated scenario [^. B may be generated in the 
absence of messenger-matter coupling if MSSM itself is extended. 

We shall not consider any specihc model here, but would adopt a purely phenomenological 
attitude to point out possible ways which can allow simultaneous understanding of the solar 
and atmospheric neutrino anomalies. It turns out that prediction of mo is quite sensitive to 
the sign of /i term which is hxed to be positive in MMM. This follows from eq. (pA[) which 
shows that two contributions to (9) add or cancel depending on the sign of p. We may thus 
consider a slightly less restrictive form of the MMM in which we regard the value and sign of 
as independent parameters to be determined phenomenologically. We still assume that 
mechanism responsible for generation of B parameters does not distinguish between leptonic 
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and the Higgs doublet Hi and hence and Bi coincide at the scale A. Due to this, sneutrino 
vevs are still characterized by the differences in eq.([T^) and hence are suppressed. The 
boundary conditions on soft masses are still assumed to be given by eq. This particular 
scenario is now characterized by parameters A and As follows from the minimum 
equation, one may regard the value of tan/3 and sign of fi as independent parameters 

instead of The magnitude of fi is determined in terms of these parameters by eq.(p9|). 

It is now possible to simultaneously account for the atmospheric neutrino deficit and have 
the MSW conversion for the solar neutrinos. This is depicted in Fig. (5) in which we show 
contours (in S 2 — S 3 plane) corresponding to = 3 — 12 10“® eV^, = 0.3 — 3 10“^ eV^ 
for negative fi and two representative values of tan /3 = 40, 50. The magnitude of fi gets fixed 
by eq. to 379.28 GeV and 382.03 GeV in the respective cases. It is seen that now 
there is a considerable overlap where two mass scales arise simultaneously. As mentioned 
before, these masses are independent of the value of si which can be chosen in the required 
range namely. 

Si = 0.0225 -0.071 

to allow MSW conversion. The angle 9a relevant for the atmospheric anomaly coincides 
roughly with S 2 and as follows from Fig. (5), one can simultaneously account for mixing as 
well as masses needed to solve the atmospheric and the solar neutrino problems. 


VI. DISCUSSION 

The supersymmetric standard model contains natural source of lepton number violation 
and hence of neutrino masses. The resulting neutrino mass pattern is quite constrained if 
source of lepton number violation is provided by soft bilinear operators and if the SUSY 
breaking is introduced through gauge mediated interactions. This scenario has the virtue 
that one can obtain hierarchical masses and large mixing in the neutrino sector. The hier¬ 
archy in masses results from hierarchy in the two different sources of neutrino masses while 
large mixing can be linked to ratio of R violating parameters e*. Overall scale of neutrino 
mass is set by S 3 and by the Yukawa couplings of the b and r . Neutrino masses are thus 
naturally suppressed and hierarchical. One however needs to assume relatively suppressed 
R violation, i.e. S 3 ~ 10“^ in order to obtain the mass scale relevant for the atmospheric 
neutrino anomaly. This requires that 62 ~ 63 ~ 1 GeV when /i ~ 1 TeV. 

In case of the minimal gauge mediated model, the three neutrino masses and three mixing 
angles are controlled by four parameters A and Si^ 2 , 3 - This proves to be quite constraining 
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and does not allow one to obtain simnltaneous solntion of the solar and atmospheric nentrino 
anomalies. However, a non-minimal version which allows negative /i parameter is capable 
of accommodating the MSW effect and atmospheric nentrino anomaly. The nnmber of 
parameters needed are still less than in the models based on the minimal snpergravity 
scenario. 

Althongh we concentrated on the bilinear terms a similar sitnation is obtained if nentrino 
masses are generated from the trilinear lepton nnmber violating terms also. Here also, 
nentrinos obtain their masses from the loop as well as snentrino vev indnced contribntion 
Unlike the bilinear terms, the nnmber of possible trilinear terms is qnite large and one 


needs to hne tnne some of these or impose additional discrete symmetries in order to get a 
consistent pictnre . 

We have mainly concentrated here on generating the atmospheric and the solar scales. 
The LSND resnlt or the presence of hot nentrino dark matter needs an additional scale. It 
shonld be possible to introdnce this throngh a sterile nentrino. Snpersymmetry with gange 
mediated interaction may be ideally snited to do so as it may explain both the lightness as 
well as the very existence of a sterile state . 
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Fig. 1. The variations of 3,re shown here with respect to A. mo mildly 

depends upon S 2 and the displayed curve is for S 2 = 0.8. 
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Fig. 4a. Contours of Am^ in MMM are plotted for A = 100 TeV. For Aa, the upper 
(lower) line corresponds to 3 x 10“^ eV^ ("0.3 x 10“^eV^j. For As, the upper (lower) line 
corresponds to 3 x 10“^° eV^ ("0.5 x 









